Massive merging black holes will be the primary sources of powerful gravitational waves at low frequency, and will permit to test General Relativity if we identify candidate galaxies that are close to a binary black hole merger. In this paper we show that for a typical range of mass ratios of the two black holes the final stage of the merger is preceded by a rapid precession and a subsequent spin-flip of the main black hole. The latter already occurs in the inspiral phase, thus can be treated analytically by postNewtonian techniques. We also show that the distance when gravitational radiation becomes the dominant dissipative effect (over dynamical friction) does not depend on this mass ratio. We then identify the radio galaxies with a super-disk as those in which the rapidly precessing jet produces effectively a powerful wind, which entrains the environmental gas to produce the appearance of a thick disk. These specific galaxies are thus candidates for a merger of two black holes to happen in the astronomically near future, and further observations and theoretical work may be capable of identifying which one is likely to be the next to merge, and how soon.
INTRODUCTION
The most energetic phenomenon that involves General Relativity in the observable universe is the merger of two massive black holes. Therefore the study of these mergers may provide one of the most stringent test of General Relativity before we will have the discovery and precise measurement of the corresponding gravitational waves.
Most galaxies have a central massive black hole (Kormendy and Richstone 1995 , Sanders et al. 1996 , Faber et al. 1997 , and after their initial growth (for one possible example how this might happen due to a merger between galaxies, see their evolution is governed by mergers. Therefore the two central black holes also merge (see , Rottmann 2001; Zier & Biermann 2001 Biermann et al. 2000; Merritt & Ekers 2002; Gopal-Krishna et al. 2000 , 2004 GopalKrishna & Wiita 2006; Zier 2005 Zier , 2006a Zier , 2006b . Before the two black holes get close, the galaxies begin to round each other, distorting the shape of a radio galaxy fed by one or both of the two black holes; thence the Z-shaped radio galaxies (Gopal-Krishna et al. 2003) . When they merge the orbital angular momentum of the system may dominate over the intrinsic spin of the primary black hole, and cause a spin-flip. For a black hole nurturing activity around it, the spin axis defines the axis of a relativistic jet, and therefore a spin-flip results in a new jet direction: Thence the X-shaped radio galaxies (Rottmann 2001 , Chirvasa 2001 , Biermann et al. 2000 , Merritt and Ekers 2002 . In fact, observations suggest that all activity around a black hole may result in a relativistic jet even for radio-weak quasar activity (Falcke et al. 1996 , Chini et al. 1989a . The feature of the X-shaped radio galaxy jets is so common and yet very short-lived, that all radio galaxies may have been through this merger (Rottmann 2001) . This can be also deduced from the observation, that many compact steep spectrum sources show a misaligned double radio structure, where an inner pair of hot spots is misaligned with an outer pair of hot spots (Marecki et al., 2003) .
There is a famous colour picture showing the past spinflip of the M87 black hole (Owen et al. 2000) . There is clearly a weak radio counter-jet, misaligned with the modern active jet by about 30 degrees.
From these and some other data we deduce a few basic tenets, that a theory needs to explain:
1. In the X-shaped radio galaxies the angles between two pairs of jets in projections are typically less than 30 degrees. The real angles can be even about 45 degrees. The jets are believed to signify the spin axis of the central black hole. Therefore this means that a substantial spin flip should have occurred, comparing the spin axis of the more active (therefore presumably the more massive) black hole before the merger with the spin axis of the merged black hole.
2. In the X-shaped radio galaxies one pair of jets has a steep radio spectrum. This implies that it has not recently been resupplied energetically, it is an old pair of jets; and its synchroton age is typically a few 10 7 years. The other pair of jets has a relatively flat radio spectrum (this is the new jet) (Rottmann 2001) . This observation supports the spin-flip model.
3. Again, as Rottmann (2001) shows, the statistics of Xshaped radio galaxies are such, that every radio galaxy may have passed through this stage during its evolution. This matches with arguments based on far infrared observations, that central activity in galaxies is often, maybe always, preceded by a merger of galaxies (Sanders & Mirabel 1996) .
4. There is another critical observation of the spectrum of radio galaxies: For many radio-galaxies the radio spectrum has a low-frequency cutoff suggesting a cutoff in the energy distribution of the electrons at approximately the pion mass (the electrons / positrons are decay products from pions, produced in hadronic collisions) , Falcke and Biermann 1995a , 1995b , Gopal-Krishna et al. 2004 ). Hadronic collisions with ensuing pion production at the foot ring of the radio jet occur naturally and thermally in the case that the spin of the black hole is larger than 0.95, and if the footring is an advection dominated accretion flow (ADAF), or radiatively inefficient accretion flow (RIAF) (Donea & Biermann 1996 , Mahadevan 1998 , GopalKrishna et al. 2004 . If this is true for all radio-galaxies, the spin of the black hole both before and after the spin-flip must be more than 95 % of the maximally allowed value. This is a major constraint on the process of the spin-flip. If we assume that this holds for all radio galaxies, then a fortiori it also holds for those which have just undergone a binary black hole merger, and so their spin ought to be high as well.
5. When two black holes merge, the emission of strong gravitation waves is certain (Thorne 1979) . It is commonly believed than the spin flip phenomenon is likely to be caused by the gravitational radiation escaping the merging system (Chirvasa 2001 , Rottmann 2001 , Biermann et al. 2000 , Merritt and Ekers 2002 . Compact binaries are driven by gravitational radiation through a post-Newtonian (PN) regime (the inspiral), a plunge and a ring-down phase towards the final state. Recent numerical work on the final stages of the coalescence supports this (for the most recent work see Campanelli et al. 2007 , who also give a useful list of earlier work).
Therefore it is mandatory to investigate what happens when the two black holes get close to each other, and this we propose to treat in this paper.
The plan of the paper
We want to present here a model which allows to have a merger transition going from a high spin stage to another high spin stage, using mostly physical insight from outside of the innermost stable orbit (ISO). Our method, limited to a certain common but large range of mass ratios of the two black holes, has the advantage that the evolution of the compact binary can be treated in a post-Newtonian expansion and so we obtain the results analytically.
The observations suggest that the most massive black holes have about 3 × 10 9 solar masses and the most reliable determination of the low-mass central black hole (in our galaxy) is about 3 × 10 6 solar masses (Ghez et al. 2005 , Schödel & Eckart 2005 . There is some evidence for central massive black holes of slightly lower mass (Barth et al. 2005 ), but the error bars are very large. This implies that the maximum mass ratio is about 10
3 . We will show in the next Subsection that mass ratios in the range 3 : 1 to 30 : 1 cover most of the plausible range for the mass ratio in mergers of central black holes in galaxies. We will show in this paper that for the above mentioned mass ratio interval (that is, for compact binaries in which one mass is dominant) the orbital momentum left when the system is reaching ISO is much smaller than the dominant spin. So in these cases whatever happens during the plunge and ring-down phases of the merger, it cannot change too much the spin direction. We will prove that the phenomenon of spin-flip occurs before the binary reaches the ISO, by means of the spin-orbit (SO) precession.
In Section 2 we establish the relative magnitudes of the spin of the dominant black hole and of the orbital angular momentum of the system. Their ratio depends on two factors: the mass ratio and the separation of the binary components (the inverse of which scales with the post-Newtonian parameter). Then we review the current state of observations on the mass ratios of supermassive galactic black holes, which roughly scale with the bulge masses of their host galaxies. We argue that typical supermassive black hole binaries have mass ratios between q = 3 ÷ 30. The interaction of these black holes with the already merged stellar environment generates a dynamical friction when the separation of the black holes is between a few parsecs and one hundredth of a parsec. Due to the dynamical friction, some of the orbital angular momentum of the binary black hole system is transferred to the stellar environment, such that the stellar population at the poles of the system tends to be ejected and a torus is formed (Zier & Biermann 2001) . Gravitational radiation has a small effect in this regime. However at approximately one hundredth parsec the time-scales become comparable, and for smaller distances the gravitational radiation is the dominant dissipative effect.
In Section 3 we comment on the characteristic timescales of the dynamical friction and gravitational radiation and we establish the transition radius and the value of the post-Newtonian parameter, for which the gravitational radiation is overtaking the dynamical friction.
In Section 4 we discuss the post-Newtonian evolution of the compact binaries under the spin-orbit precession (the leading order conservative effect).
In Section 5 we add the backreaction of the gravitational radiation, which is the leading order dissipative effect below the transition radius, appearing at one PN order higher than the SO interaction. We show here that for the characteristic range of mass ratios the spin-flip phenomenon occurs during the gravitational radiation dominated inspiral regime, that is, outside the innermost stable orbit.
We interpret and discuss the resulting model in Section 6. Here we give a tentative outline of the time sequence of the activity of two merging galaxies, leading an AGN episode of the primary black hole.
Finally we trace the evolution for merging supermassive black holes in the Concluding Remarks. Following our arguments about the phase just barely before the merger we will propose that the super-winds in radio galaxies The picture developed here differs from the one in Wilson & Colbert (1995) in that we do not identify just the rare mergers of two massive black holes of about equal masses with radio galaxies and radioquasars. We will discuss the spin of the black holes in other work developed from (Dutan et al. 2005) , and the merger of black holes and the statistics of radio galaxies in Gopal-Krishna et al. (2007) .
The relevant mass ratio range
In Lauer et al. (2006) the mass distribution of galactic central black holes is described, confirming earlier work, and also consistent with a local analysis (Roman & Biermann 2006) . Arguments based on Haering & Rix (2004) , Gott & Turner (1977) , Hickson (1982) , and the Press & Schechter (1974) reasoning lead to a similar result. Wilson & Colbert (1995) also find a broken powerlaw. The probability for a specific mass ratio is an integral over the black hole mass distribution, folded with the rate to actually merge (proportional to the capture cross section and the relative velocity for two galaxies), e.g. isomorphic to the discussion in Silk & Takahashi (1979) for the merger of clumps of different masses. The black hole mass distribution ΦBH (MBH ), the number of massive central black holes in galaxies per unit volume, and black hole mass interval, can be described as a broken powerlaw, from about ma ≃ 3 × 10 6 solar masses (M⊙) to about m b ≃ 3 × 10 9 M⊙, with a break near m⋆ ≃ 10 8 M⊙. The lower masses have been discussed in some detail by Barth et al. (2005) . The values of ma, m b and m * imply that we have two mass ranges of a factor of 30 each. The masses above 10 8 M⊙ are rapidly becoming rare with higher mass, so that the lower mass range is statistically more important. That ratio range is then 1 : 1 to 30 : 1; while in the higher mass range the maximal range of the masses is also 30 : 1. We can rewrite this as an integral for the number of mergers N (q) per volume and time for a given mass ratio q defined to be larger than unity; this merger rate is then given by the product of the density of the first black hole with the density of the second black hole multiplied by a rate F . The latter in principle depends on both the cross section and relative velocity, the velocities however are not very different, as the universe is not old enough for mass segregation. The cross-section in turn depends on the two masses, thus F = F (q, m). If we integrate for all cases, in which the first black hole is less massive than the second black hole, we undercount by a factor of 2, and we have to correct for this factor. The general relationship is
It is likely that the more massive black hole, and so the more massive host galaxy, will dominate the merger rate F , so that it can be approximated as a function of qm alone, and a power law behavior with F ∼ q ξ with ξ > 0 should be adequate for a first approximation. To estimate ξ roughly we just observe, that dwarf spheroidals have a core radius of a few hundred pc (Gilmore et al. 2006 ), while our Galaxy has a core radius if about 3 kpc (Klypin et al. 2002) , so a factor of 10 in radius (10 2 in cross-section) for a factor of about 10 4 in mass, thus the exponent is likely to be approximately 1/2; therefore a reasonable first estimate for any cross section is ξ = 1/2.
As the black hole mass distribution has a break at q = 30, we have to divide the description; we use ΦBH (m) ∼ m −α for the first mass range, and ΦBH (m) ∼ m −β for the second. For the range q from 1 to 30 we have as a dominant contribution
and for the case of q above 30 we have the contribution
The various models shown in Lauer et al (2006) show that a range of values of α and β is possible, with α ranging between approximately 1 and 2, and β from 3 to larger values. We adopt here the approximate values for α and β of 1 and 3, to be cautious, and for ξ we adopt 1/2. With these values the above integrands are monotonically decreasing functions and the integrals are dominated by the lower limits. Thus the four terms scale with q as q ξ−α , q −1+α , q ξ−β , and again q ξ−β . Let us consider the four terms: The first term is small galaxies merging with small galaxies, and so not very interesting, as the cross section is low. However, for this distribution the number of mergers in the mass ratio range 30 : 1 to 3 : 1 versus 3 : 1 to 1 : 1 is about 5. The more extreme mass ratios are more common. For the second term this ratio of mergers in the two mass ratio ranges is about 14. As this is massive galaxies merging with smaller galaxies (above and below the break m⋆), this is the most interesting case, and also quite common. The third term is almost negligible, and the fourth term adds cases to the second term with more extreme mass ratios, beyond 30 : 1, and so emphasizes the large mass ratio range.
So, among the relevant cases the rate of mergers of mass ratio of more than 3 : 1 to those with a smaller mass ratio is in the range of 5 : 1 to 14 : 1, about an order of magnitude. Focussing on those cases where one black hole is at 10 8 M⊙ or larger, the ratio is larger than 14 : 1. Speculating that the exponent ξ could be larger would enhance all these effects; enlarging α would weaken them. Therefore we will deal in the following with this much more common extended mass ratio range 30 : 1 to 3 : 1, which as will be shown, allows to use analytical methods.
THE SPIN AND ORBITAL ANGULAR MOMENTUM IN THE PN REGIME
Let the compact binary system be composed of two masses mi, i = 1, 2 , each having the spin S i . By definition, the characteristic radius Ri of compact objects is of the same order of magnitude that the gravitational radius RG = Gmi/c be approximated as Si ≈ miRiVi ≈ Gm 2 i Vi/c 2 , where Vi is the characteristic rotation velocity of the i th compact object As black holes rotate fast, Vi/c is of order unity.
The PN expansion is done in terms of the small parameter
where m = m1 + m2 is the total mass and v is the orbital velocity of the reduced mass particle µ = m1m2/m, which is in orbit about the fixed mass m (according to the onecentre problem in celestial mechanics). The two expressions for ε are of the same order of magnitude due to the virial theorem. Note that as in certain expressions odd powers of v/c may occur, it is common to have half-integer orders in the post-Newtonian treatment of the inspiral of a compact binary system. Whenever the masses of the two compact objects are comparable, either of Gmi/c 2 r also represent one postNewtonian order. However, as we have argued before, for colliding galactic black holes it is much more common that their masses differ by one order of magnitude or more. Thus we introduce the mass ratio
By choosing m2 as the smaller mass, to first order in m2/m1 we obtain η ≈ m2/m1 = q −1 .Thus η represents a second small parameter in the formalism. We remark however that, while the mass ratio η stays constant, the PN parameter ε evolves during the inspiral towards higher values. Indeed, for example the separation of the components of the binary with m = 10 8 M⊙ evolves as r = Gm c 2 ε = 4. 781 3 × 10 −6 pc ε .
The interaction of the galactic black holes with the stellar environment begins when the black holes are a few kiloparsecs away from each other (then ε ≈ 10 −8 ). The interaction of the black holes with the already merged stellar environment generates a dynamical friction. This becomes subdominant at about 0.005 parsecs (Zier & Biermann (2001)), when the gravitational radiation becomes the leading dissipative effect. Thus ε = ε1 ≈ 10 −3 is the value of the PN parameter for which the gravitational radiation is driving the dissipation of energy and orbital angular momentum. This is the inspiral stage of the evolution of compact binaries, which continues until the domain of validity of the post-Newtonian approach is reached. This is at few gravitational radii, when the ISO bounds this regime. Further away a numerical treatment is necessary in order to describe the plunge, which is finally followed by the ring-down. Therefore the post-Newtonian formalism we monitor is valid until ε ≈ 10 −1 . For a small η theoretically it is possible, that at certain stage of the inspiral, the increasing ε becomes of the same order of magnitude as η and later on it even overpasses η. Such a situation would shift the PN order of several contributions to various physical quantities.
The spin ratio (for similar rotation velocities V1 ≈ V2) can be expressed as
The ratio of the spins with the orbital angular momentum becomes
Thus, while the ratio S2/L is shifted towards higher orders by a small η (therefore S2 ≪ L during all stages of the inspiral), the ratio of the spin of the dominant black hole to the magnitude of the orbital angular momentum is not fixed. Indeed, it is determined by the relative magnitude of the small parameters ε and η. As ε increases during the inspiral, whenever η falls in the range of ε 1/2 , the initial epoch with S1 < L is followed by S1 ≈ L and S1 > L epochs. (Table 1) We have concluded above that the range of mass ratios q between 3 : 1 and 30 : 1 is the most common. For such binaries the sequence of the three epochs S1 < L, S1 ≈ L and S1 > L is fairly representative.
THE TIME SCALES
The value ε ≈ 10 −3 from which a the PN analysis with the gravitational radiation as the leading dissipative effect can be applied was established in the previous section for a compact binary with total mass m = 10 8 M⊙ and mass ratio η = 10 −1 . This was based on the analysis in Zier & Biermann (2001), where it was shown that at around 5×10 −3 pc gravitational radiation takes over from dynamical friction in the interaction with stars in the angular momentum loss of the black hole binary.
In this Section we propose to look at this in a slightly more general form. We raise the question, whether the value of the transition radius (and the corresponding value of the PN parameter) depends on m and η. To answer this, we compare the characteristic time scales of the gravitational radiation and dynamical friction.
The time scale of gravitational radiation (as will be derived in Section 5) is
The time scale for the secondary black hole to lose angular momentum by gravitational interaction with the surrounding stellar distribution is
With the maximally allowable change in the velocity ∆v/v = 1 we find the relevant full time scale. Here Λ represents a measure of the oblateness of the stellar distribution with density ρ distr , radius r distr and mass m distr. The compact stellar distribution is of the same order in mass as the black hole binary (Zier & Biermann 2001 , Ferrarese et al. 2006 ) with a scale r distr of a few parsecs, and so under the assumption of a spherically symmetric distribution we set ρ distr = 3m 4πr Table 1 . The evolution of the ratio S 1 /L ≈ ε 1/2 η −1 in the range ε = 10 −3 ÷ 10 −1 for various values of the mass ratio η.
mass ratio, for a spherically symmetric powerlaw distribution (Λ = 1) we get
This gives the full time scale of the dynamical friction. The two time scales become comparable for a PN parameter:
corresponding to the distance r *
Notably, the dependence on the mass ratio dropped out. Inserting then for r distr = 5 pc and using as a reference value for the mass m = 10 8 M⊙, we obtain ε * ≈ 10 −3 , in agreement with the discussion in Zier & Biermann (2001) .
The value of the PN parameter thus scales with m
6/11
and radius r −6/11 distr as ε * = 10
while the transition radius scales with m 5/11 and r 6/11 distr as r * ≈ 0.005 pc
For m = 10 9 M⊙ and for the same radius of stellar distribution then r * ≈ 0.01 parsecs. We conclude that both the dependence of the transition radius and corresponding PN parameter on the total mass and on the stellar distribution radius is weak, while there is no dependence on the mass ratio.
CONSERVATIVE DYNAMICS BELOW THE TRANSITION RADIUS
The interchange in the dominance of either L or S1 has a drastic consequence on the dynamics of the compact binary. To see this, let us summarize first the conservative dynamics, valid up to the second post-Newtonian order. The constants of the motion are the total energy E and the total angular momentum vector J = L + S 1 +S2 (Kidder et al. 2003 
with the angular velocities given as a sum of the spin-orbit, spin-spin and quadrupole-monopole contributions. The latter represent the contributions arising when one of the binary components is regarded as a mass monopole moving in the quadrupolar field of the other component The leading order contribution is due to the SO interaction (also discussed in Apostolatos et al. 1994 , Kidder 1995 , Ryan 1996 , Rieth & Schäfer 1997 , Gergely at al. 1998a , 1998b , 1998c , O'Connell 2004 , causing the spin axes to tumble and precess. The spin-spin (Kidder et al. 2003 , Kidder 1995 , Apostolatos 1995 , Apostolatos 1996 , Gergely 2000a , 2000b The SO precession occurs with the precessional velocities
where LN = µr × v is the Newtonian part of the orbital angular momentum. The total orbital angular momentum L, besides LN also contains a contribution LSO, which for compact binaries is of order ε 3/2 L ( Kidder 1995) . Due to the conservation of J, the orbital angular momentum evolves aṡ
(By adding a correction term of order ε 3/2 higher than the leading order terms, we have changed LN into L on the right hand side of the above equation.)
With the assumption of small η we obtain to 0 th order in η:
(Again, an LSO term was added to LN on the right hand side of Eq. (21), in order to have a pure precession of S1.) Thus, the leading order conservative dynamics gives the following picture: the dominant spin S1 undergoes a pure precession about L, while L does the same about S1. In spite of the precession (19), the spin S2 can be safely ignored. This is due to its smallness, indicated by Eq. (6). By adding the vanishing terms`2G/c 2 r
3´S
1 × S1 and`2G/c 2 r 3´L × L to the right hand sides of Eqs. (21) and (22), respectively, we
Thus, the precessions can also be imagined to happen about J, which represents an invariant direction in the conservative dynamics up to 2PN. Higher order contributions to the conservative dynamics are just able to slightly modulate this precessional motion. In fact, for both the spin-spin and quadrupole-monopole perturbations an angular averageL can be introduced, which is conserved up to the 2PN order (Gergely 2000a) . AsL differs from L just by terms of order 2PN, andL is conserved, the real evolution of L differs from a pure precession only slightly.
Finally we note that as the SO precessions are 1.5 PN effects and the gravitational radiation enters at 2.5 PN orders, at the transition radius the SO precession time scale is ε −1 times shorter than the time scale of dynamical friction. The modifications induced by the precessions for the angular momentum transfer towards the stellar environment will be discussed elsewhere .
THE INSPIRAL OF SPINNING COMPACT BINARIES IN THE GRAVITATIONAL RADIATION DOMINATED REGIME
Dynamics becomes dissipative from 2.5 PN orders. Then gravitational quadrupolar radiation carries away both energy and angular momentum from the system, in a way that orbital eccentricity is carried away faster, than the rate of orbital inspiral (Peters 1964) , thus the orbit will circularize. Considering circular orbits and averaging over one orbit gives the following dissipative change in L:
whereL represents the direction of the orbital angular momentum. Then the total change in L is given by the sum of Eqs. (22) and (25). Such a dynamics, with the inclusion of the SO precessions and the dissipative effects due to gravitational radiation, averaged over circular orbits, was discussed in detail in (Apostolatos et al. 1994) for the one-spin case S2 = 0 and for the case of equal masses η = 1. In our treatment η ≪ 1, which formally is equivalent to the case S2 = 0. As for any vector X with magnitude X and directionX one hasẊ = XẊ +ẊX, the change in the direction can be expressed asẊ = "Ẋ −ẊX " /X. Also the identity X 2 = X 2 givesẊ =X ·Ẋ. Then Eqs. (23)- (25) implẏ
The total angular momentum J is also changed by the emitted gravitational radiation. As no other change occurs up the 2PN orders,J =LL anḋ
Note that from the second Eq. (27) it is immediately obvious, that the direction of J changes violently, whenever J is small compared toL.
In the approximation η ≪ 1, the vectors L, S1 and J form a parallelogram, characterized by the angles α = cos
. From Eqs. (26) and (27) we obtaiṅ
In the latter equation we have used thatŜ i ·L = cos (α + β).
Thus we have found the following picture for the inspiral of the compact binary after the transition radius. By disregarding gravitational radiation, the SO precessions (21)- (22) assure that the vectors L and S1 are precessing about J (a fixed direction), but also about each other (then the respective axes of precession evolve in time). Gravitational radiation slightly perturbs this picture. The angle α + β between the orbital angular momentum and the dominant spin stays constant during the inspiral, even with the gravitational radiation taken into account. By contrast, the angle between J and L continuously increases, while the angle between J and S1 decreases with the same rate. This also means, that due to gravitational radiation, the vectors L and S1 do not precess about J any more in an exact sense. They keep to precess about each other, however.
The change in the total angular momentumJ =LL is about the orbital angular momentum, which in turn basically (disregarding gravitational radiation) undergoes a precessional motion about J. This shows that the averaged change in J is along J. This conclusion however depends strongly on whether the precessional angular frequency Ωp is much higher, than the change in the angles α and β. Indeed, if these are comparable, the component perpendicular to J in the changeJ =LL will not average out during one precessional cycle, as due to the increase of α it can significantly differ at the beginning and at the end of the same precessional cycle, see Fig 1. The regime with Ωp ≫α can be well approximated by a precessional motion of both L and S1 about a fixedĴ, with the magnitudes of L and J slowly shrinking, the angle α slowly increasing and β slowly decreasing. As a result, during the inspiral, the orbital angular momentum slowly turns away from J, while S1 slowly approaches the direction of J. This regime is characteristic for the majority of cases, and it was called simple precession in (Apostolatos et al. 1994) .
Whenever Ωp ≈α, the conclusion of havingJ in the direction ofĴ does not hold for the average over one precession. This results in a change in the direction of J in each precessional cycle. The evolution becomes much more complicated (in fact no approximate analytical solution is
[tbp] Figure 1 . The old jet points in the direction of the original spin S 1 . When the two black holes approach each other due to the motion of their host galaxies, a slow precessional motion of both the spin and of the orbital angular momentum L begins (left figure) about the direction of the total angular momentum J, which is due to the spin-orbit interaction. Gravitational radiation carries away both energy and angular momentum from the system, such that the direction of J is not changed. As consequence the precessional orbit slowly shrinks and the magnitude of L decreases. This is accompanied by a continuous increase in the angle α and a decrease in β. When the magnitudes of L and S become comparable (middle figure), the precessional motions are much faster (for typical values see Table 2 ). For mass ratios η = 1/3÷1/30 the magnitude of L becomes small as compared to the magnitude of the spin, which is unchanged by gravitational radiation. Before reaching the innermost stable orbit, the spin becomes approximately aligned to the (original direction of the) total angular momentum, and a new jet can form along this direction. Therefore for the typical mass ratio range the spin-flip phenomenon has occurred in the inspiral phase and not much orbital angular momentum is left to modify the direction of the spin during the merger. In the regime in between the initial and final states the precessing jet acts as a super-wind, sweeping away the environment of the jets. known), and it was called transitional precession in (Apostolatos et al. 1994 ).
Let us see now when the two types of evolution typically occur. For this, we note that the inspiral rateL/L is of the orderL
while the precessional angular velocity Ωp = 2GJ/c 2 r 3 gives the estimate Ωp≈ 2c
Finally, the tilt velocity of L is of the ordeṙ
[We have used the estimate sin α ≈ S1/J sin (α + β) ≈ ε 1/2 η −1 (L/J).] For comparison, these are all represented in Table 2 for all three regimes characterized by S1/L ≈ 0.3, S1 ≈ L and S1/L ≈ 3, respectively. We see, that the rate of precession and the tilt velocity become comparable in the S1 ≈ L epoch (in which ε 1/2 η −1 ≈ 1) for
that is, for the chosen numerical example η = 10 −1 , this gives J/L ≈ 10 −1 and the rate ofα ≈ Ωp ≈ 10 −9 (this is still 100 times faster than the rate of inspiral).
The total angular momentum J can be that small only if L and S1 are almost perfectly anti-aligned, thus α ≈ β and L ≈ S1. What does the condition for transitional precession (33) mean in terms of their angle, how close should that be to the perfect anti-alignment? To answer the question we note that
(In the last step we have employed the smallness of J/L by expanding cos α in power series about 0.) Thus, transitional precession can occur only if the deviation from the perfect anti-alignment is of order η. This is a highly untypical case in galactic black hole binaries. Therefore, we conclude with the remark, that in the typical range of mass ratios η = 0.3 ÷ 0.03 the initial condition L > S1 is always transformed into S1 < L, but the transition is very rarely accompanied by the so-called transitional precession. In all other cases the precession is simple. As the precession angle of the dominant spin is decreasing in time from the given initial value to zero, the precessional cone becomes narrower in time. At the end of the inspiral phase the dominant spin S1 will point along the initial direction of J. This means that a spin-flip has occurred during the post- Table 2 . Order of magnitude estimates for the inspiral rateL/L, angular precessional velocity Ωp and tilt velocityα of the vectors L and S 1 with respect to J, represented for the three regimes with L > S 1 , L ≈ S 1 and L < S 1 , characteristic in the domain of mass ratios η = 0.3 ÷ 0.03. The numbers in brackets are for the typical mass ratio η = 10 −1 , post-Newtonian parameter 10 −3 , 10 −2 and 10 −1 , respectively and m = 10 8 M ⊙ (then c 3 /Gm = 2 × 10 −3 s −1 ).
ewtonian evolution, already in the inspiral phase of the merger. On the other side, as the inspiral phase ends with L ≪ S1, irrespective of what happens in the next phase, during the plunge, L is not high enough for its further change to cause additional significant spin-flip.
DISCUSSION
The considerations from this paper lead to the following time sequence for the transient feeding of a big massive black hole including a merger with another black hole:
First: Two galaxies with central black holes approach each other to within a distance where dynamical friction keeps them bound, spiraling into each other. If there is cool gas in either one, it can begin to form stars rapidly, along tidal arms. If either galaxy happens to have radio jets, then due to the orbital motion, these jets get distorted and form the Z-shape (Gopal-Krishna et al. 2003 , Zier 2005 .
Second: The central regions in each galaxy begin to act as one unit, in a sea of stars and dark matter of the other galaxy. During this phase, as the cool gas from the other partner typically has low angular momentum with respect to the receiving galaxy, the central region can be stirred up, and produce a nuclear starburst (Toomre and Toomre 1972) . The central black hole can get started to be fed at a high rate, but its emission will be submerged in all the far infrared emission from the gas and dust heated by the massive stars produced in the starburst. In this case there is dynamical friction, which can act so as to select certain symmetries, such as corotation, counter rotation, or rotation at 90 degrees (as in NGC2685, a polar ring galaxy: Richter et al. 1994) .
Third: The black holes begin to lose orbital angular momentum due to the interaction with the nearby stars Biermann 2001, 2002) . The two black holes approach each other to that critical distance where the interaction with the stars and the gravitational radiation remove equivalent fractions of the orbital angular momentum. Then, as shown in this paper, the spin axes tumble and precess. This phase can be identified with the apparent superdisk, as the rapidly precessing jet produces the hydrodynamic equivalent of a powerful wind, by entraining the ambient hot gas, pushing the two radio lobes apart and so giving rise the a broad separation ( (2006) emphasize the apparent asymmetry, which we propose to attribute to line-of-sight effects and the distortion due to the recent merger: The base of the radio structure is so broad and so asymmetric, that the central active galactic nucleus will appear to be offset from the projected center of gap. The recent arguments of Worrall et al. (2007) seem to be consistent with this point of view. The spin direction of the combined two black holes is preserved, although the strength of the spin decreases. As during simple precession the total angular momentum shrinks considerably, but its direction is conserved, on the other side the magnitude of the spin stays constant, this means that the orbital angular momentum shrinks. For comparable mass binaries it will be still higher than the spin at ISO (therefore the dynamics below ISO, which can be analyzed only numerically, should be responsible for any spin-flip in the comparable masses case). For extreme mass ratio binaries the result of the shrinkage of the orbital angular momentum is L < S at ISO. Therefore the spin at ISO should be aligned with the direction of J = L + S, which (remember, initially L was dominant), is just the direction of the initial L.
In certain cases, especially for equal masses of the two black holes, a strong recoil has been found (Gonzalez et al 2007) . However, as we noted earlier, that case is very unlikely.
Fourth: The two black holes actually merge, and the merged black hole keeps the spin axis from the combined orbit with the second black hole, in the common case that the mass ratio is relatively large. In the case that the mass ratio is between 1 : 1 and 1 : 3, then even at the innermost stable orbit a substantial fraction of the orbital angular momentum can survive, also leading to a spin flip. This very short phase should be accompanied by extreme emisson of low frequency gravitational waves. The final stage in this merger leads to a rapid increase in the frequency of the waves, called "chirping", but this chirping will depend on the angles involved: The angle between the orbital spin of the combined two black holes, and intrinsic spin of the more massive black hole influences the highest frequency of the chirp (Chirvasa 2001) ; for a large angle this frequency will be lower than for a small angle between the two spins. Whether there is another observable feature, such as the induced decay of heavy dark matter particles, from the merger of the two black holes at that event such as speculated by Biermann & Frampton (2006) is not clear at this time. We consider here the more common case, that the mass ratio is in the range 1:3 to 1:30, when there is considerable precession before the actual merger, with a steady reduction of the magnitude of the total spin, all the while keeping its direction constant, and a final settling of the spin of the merged black hole to the new direction, given by the sum of the intrinsic and orbital spin.
Fifth: Now the newly oriented more massive merged black hole starts its accretion disk and jet anew, boring a new hole for the jets through its environment. This stage can be identified perhaps with Giga Hertz peaked radio sources (GPS). If the new jet points at the observer, then 3C147 may be one example (Junor et al. 1999) .
Sixth: The newly oriented jets begin to show up over some kpc, and this corresponds to the X-shaped radio galaxies, while the old jets are fading but still vsible. This also explains many of the compact steep spectrum sources, with disjoint directions for the inner and outer jets.
Seventh: The old jets have faded, and are at most visible in the low radio frequency bubbly structures, such as seen for the Virgo cluster region around M87 (Owen et al. 2000) . The feeding is slowing down, and there is no longer an observable acccretion disk, but probably only an advection dominated disk. However, a powerful jet is still there, although below or even far below the maximal power. The feeding is still form the residual material stemming from the merger.
Eighth: The feeding of the black hole is down to catching some gas out of a common red giant star wind as presumably is happening in our Galactic center. This stage seems to exist for all black holes, even at very low levels of activity (e.g., Perez-Fournon & Biermann 1984 , Elvis et al. 1984 , Nagar et al. 2000 .
If this concept described here is true, then the superdisk radio galaxies should have large outer distortions in their radio images, that may be detectable at very high sensitivity, as they should correspond to recently active Z-shaped sources. Also, the super-disk should be visible in X-rays, although if the cooling is efficient the temperature may be relatively low. Table 2 suggests that the merger is imminent, if the precession of the jet is measurable within a few years, and the opening angle of the precession is much narrower than the wind-cone, reflecting the earlier longer time precession (see Gopal-Krishna et al. 2007 ). Therefore, with very sensitive radio interferometry it might be possible to detect the underlying jet despite its rapid precession, although immediately before the actual merger the feeding of the jet will be turned off.
CONCLUDING REMARKS
We suggest that the precessional phase of the merger of two black holes is visible as a superdisk in radio galaxies (GopalKrishna et al. 2006) . In this picture we propose that the precessing jet appears as a super-wind separating the two radio lobes in the final stages of the merger. We will work out the model quantitatively in a forthcoming paper with Gopal-Khrishna, and the interactions with the stars with Christian Zier.
